Abstract Liposomes are recognized drug delivery systems with tumor-targeting capability. In addition, therapeutic or diagnostic radionuclides can be efficiently loaded into liposomes. This study investigated the feasibility of utilizing radiotherapeutic liposomes as a new post-lumpectomy radiotherapy for early-stage breast cancer by determining the locoregional retention and systemic distribution of liposomes radiolabeled with technetium-99m ( 99m Tc) in an orthotopic MDA-MB-231 breast cancer xenograft nude rat model. To test this new brachytherapy approach, a positive surgical margin lumpectomy model was set up by surgically removing the xenograft and deliberately leaving a small tumor remnant in the surgical cavity. Neutral, anionic, and cationic surface-charged fluorescent liposomes of 100 and 400 nm diameter were manufactured and labeled with 99m Tc-BMEDA. Locoregional retention and systemic distribution of 99m Tc-liposomes injected into the post-lumpectomy cavity were determined using non-invasive nuclear imaging, ex vivo tissue gamma counting and fluorescent stereomicroscopic imaging. The results indicated that 99m Tc-liposomes were effectively retained in the surgical cavity (average retention was 55.7 ± 24.2% of injected dose for all rats at 44 h post-injection) and also accumulated in the tumor remnant (66.9 ± 100.4%/g for all rats). The majority of cleared 99m Tc was metabolized quickly and excreted into feces and urine, exerting low radiation burden on vital organs. In certain animals 99m Tc-liposomes significantly accumulated in the peripheral lymph nodes, especially 100 nm liposomes with anionic surface charge. The results suggest that post-lumpectomy intracavitary administration of therapeutic radionuclides delivered by 100-nm anionic liposome carrier is a potential therapy for the simultaneous treatment of the surgical cavity and the draining lymph nodes of early-stage breast cancer.
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Introduction
Breast-conserving surgery (BCS) alone is associated with higher risk of locoregional recurrences. The administration of adjuvant radiotherapy (RT) after BCS significantly lowers the rate of local recurrence in patients with invasive breast cancer [1] [2] [3] [4] [5] . Breast-conserving therapy (BCT), consisting of BCS followed by breast RT, has become the standard therapy for most patients with early invasive breast cancer and is generally regarded as a sufficient treatment in appropriately selected patients. The classical adjuvant RT of BCT is applied to the whole breast, often with an additional boost to the tumor bed. However, early breast cancer treated by adequate surgery has few local recurrences outside the immediate vicinity of the initial tumor bed [6] [7] [8] . Recent studies of breast cancer therapy have demonstrated that accelerated partial breast irradiation (APBI) to the initial area is a promising alternative to conventional whole-breast external beam irradiation without compromising local control [9] [10] [11] [12] [13] . Benefits of APBI include the precise treatment of a limited volume with increased irradiation dose-to-target area, decreased time course of treatment, and less toxicity. A wide range of APBI techniques have been reported, including (1) external beam conformal irradiation [14, 15] , (2) intraoperative irradiation using soft x-rays supplied by a portable spherical device [10, 16] or accelerator produced electron beam [17, 18] , (3) MammoSite RTS brachytherapy using an iridium-192 ( 192 Ir) source containing balloon catheter device [19, 20] , and (4) other brachytherapy techniques using interstitial implants [21] [22] [23] [24] [25] or targeted radiotherapeutic agents [26] . However, APBI techniques may be limited by instrument availability. In addition, current brachytherapy mainly uses seed implants, which are sealed gamma-emitting radioactive sources that deliver relatively high radiation doses to normal breast tissue and are unable to simultaneously treat potentially involved lymph nodes (LN).
Direct locoregional administration of drugs via intratumoral and intracavitary routes for the treatment of solid tumors has been spurred in recent years by the development of novel drug carriers [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] and image guided interventional technologies. Locoregional administration as compared with systemic administration enables high concentration of agents at the target site, while reducing their normal tissue toxicity, thus lowering treatment-related side effects.
Drug carriers play a key role in locoregional therapy by effectively preventing the rapid clearance of drugs from the local tumor site and decreasing normal tissue burden of cleared drugs. Liposomes, spherical vesicles composed of a lipid bilayer with an interior aqueous core, are effective and versatile drug delivery systems with numerous applications in therapy and diagnostics including tumor targeting [40, 41] . Moreover, liposomes can be retained in lymph nodes [42] [43] [44] [45] [46] [47] . Studies of locoregional administration of liposomes for delivery of therapeutic radionuclides have shown excellent potential for solid cancer treatment [27, 39, [48] [49] [50] [51] .
The therapeutic radionuclide, 186 Re, has a sufficient half-life (3.72 days) and appropriate beta radiation energy with a penetration distance of a few millimeters in tissue (1.8 mm mean range and 5 mm maximum range) [52, 53] . The administration of an appropriate form of 186 Re to the surgical area will result in a much lower radiation dose to normal breast tissue compared with other brachytherapies using sealed gamma sources. Stable encapsulation of 186 Re into the liposomes has been accomplished by complexation with BMEDA ligand and taking advantage of the ammonium sulfate/pH or chemical gradient of the liposomes [54] . A portion of lymphatically absorbed 186 Re-liposomes can be expected to accumulate in lymph nodes, and thus may prevent migration of tumor cells beyond the surgical site, and lead to improved tumor cell eradication. Herein, we propose a strategy of post-lumpectomy locoregional radiotherapy using liposome-carried 186 Re as a partial replacement or alternative option of current RT of earlystage breast cancer. In this study, we used 99m Tc-liposomes as a surrogate of 186 Re-liposomes [55] in an initial investigation of the feasibility of this new brachytherapy approach in a post-lumpectomy human breast cancer xenograft model in nude rats.
Materials and methods
Breast cancer xenograft model in nude rats
Six-week-old female nude rats (rnu/rnu, Harlan, IN) were used for the breast cancer xenograft model. Each rat was anesthetized with 1-3% isoflurane in 100% oxygen and inoculated with 7 million MDA-MB-231 cells in 0.2 ml of saline into a mammary fat pad of the upper-left breast. Once the tumor was palpable, the length (l), width (w), and thickness (t) were measured with a caliper daily until surgery was performed. Tumor volume was calculated using ellipsoid volume formula, V = (p/6) 9 l 9 w 9 t. Tumor take rate was 80% by 3 weeks after inoculation.
Preparation of fluorescent liposomes
Liposomes (400 or 100 nm in diameter) with an ammonium sulfate/pH gradient were prepared using the lipid film rehydration and extrusion method [39] . Neutral surfacecharged liposomes were comprised of DSPC/Chol/Rhod-PE/Vit E (molar ratio 54:44:0.2:2). Anionic and cationic surface-charged liposomes were comprised of DSPC/Chol/ DSPG/Rhod-PE/Vit E (molar ratio, 49:44:5:0.2:2) and DSPC/ Chol/DSTAP/Rhod-PE/Vit E (molar ratio 49:44:5:0.2:2), respectively.
99m Tc-liposome preparation Approximately, 1 ml of liposomes containing 55 lmol total lipids was labeled with 99m Tc using our reported method [39, 56] . The 99m Tc labeled 100 nm liposomes were purified by column separation with a PD-10 gel column. The 99m Tc-400 nm liposomes were purified by centrifugation at 8,000 g for 5 min followed by resuspension of the pellets in PBS, pH 7.4. The labeling efficiencies of these liposomes were 42.1-77.0%.
Intracavitary injection of 99m Tc-liposomes after surgery
Twenty-five rats bearing 0.8-3.1 cm 3 tumors were divided into six groups (five rats for 400 nm neutral liposomes and four rats for each of other liposome groups), so that the average tumor volume and tumor volume range were similar. Surgeries were conducted in a sterile environment and the majority of tumor was dissected, while a small volume of tumor remnant (about 0.05 cm 3 ) was deliberately left in the bottom of the surgical cavity as a positive tumor margin. Then saline was used to wash the cavity and the cutaneous incision was sutured. Surgical adhesive (Vetbond TM , 3 M) was applied as a supplement to seal the incision. One day after surgery, the rats were intracavitarily injected with 0.5 ml of freshly labeled 99m Tc-liposomes (66.6-159.1 MBq of 99m Tc, 25.2-34.4 mg of total lipids/kg body weight). The syringe with 25G 5/8 in. needle was slowly and gently withdrawn to avoid drug leakage. Surgical adhesive was used to close the injection site if necessary and gauze was used to gently adsorb any leakage from the injection site.
Intracavitary retention and systemic biodistribution of injected 99m Tc-liposomes Planar gamma camera, pinhole-collimator SPECT, and coregistered CT images were acquired for all groups with a micro SPECT/CT scanner (XSPECT, Gamma Media, Northridge, CA). Planar gamma camera images were acquired at baseline, 1, 2, 4, 20, and 44 h. A standard 99m Tc source was located beside the rat and within the field of view of the scanner for image quantification. The pinhole collimator SPECT images focused on the surgical cavity were collected at 2 and 20 h, respectively, immediately followed by co-registered CT imaging with the geometric position of anaesthetized rat unchanged. Blood samples were collected through cardiac puncture after nuclear imaging at 44 h, and the rat was euthanized immediately. The intracavitary fluid was extracted and 1 ml of saline was gently injected into the cavity and then extracted and combined with the intracavitary fluid sample. Then the rats were dissected and DsRed fluorescent images of the opened surgical cavity and surrounding area were obtained using a fluorescence stereomicroscope (Leica MZ16 FA). Then skin above the cavity, tumor remnant in the cavity, muscle under the cavity and major normal organs were collected and counted along with the 99m Tc standard sample for radioactivity measurement.
Results
Intracavitary retention of
99m Tc-liposomes by planar and micro SPECT/CT imaging Planar gamma camera images clearly showed that in most rats, a majority of radioactivity in the body was retained in the cavity area and the cavity margin over the 44 h study (Fig. 1) . The anatomic distribution of radioactivity retained in the cavity and the detectable peripheral superficial cervical lymph nodes (SCLN) or axillary lymph nodes (ALN) was evident in the SPECT and micro-CT fused projection images (Fig. 2) . Quantitative locoregional retention of injected radioactivity was derived from region of interest analysis of the planar images of the rats and normalized to the 99m Tc standard. The average locoregional retention rate of injected dose (ID) at 44 h post-injection was 50.7 ± 24.2% for all rats. For several rats, distributed in different groups, a significant amount of radioactivity was abruptly cleared from the cavity at some time points. Moreover, the cleared radioactivity was metabolized rapidly and mainly excreted into the large intestines (Fig. 1g-h ).
Intracavitary radioactivities of rats injected with 99m Tc-anionic liposomes had a faster clearance during the first 4 h followed by a decreased clearance during the remainder of the 44 h study (Fig. 3) . For the 100 nm liposome group, the intracavitary %ID was 77.7 ± 9.7% (74.2-84.0%) at 4 h and 48.8 ± 18.2% (12.4-58 .5%) at 44 h, while that of the 400 nm liposome group was 35.0 ± 12.8% (17.6-46 .7%) at 44 h. One rat in the 100 nm anionic liposome group had abnormally low intracavitary retention (12.4%ID) at 44 h, which was accompanied with a relatively high radioactivity accumulation in the opacified large intestine (11.3%) and stomach (10.2%) (Fig. 1h) . The high degree of clearance may be related to the increased invasiveness of the tumor which led to enhanced lymphatic or vascular drainage in the surgical area. 
one rat of 100-nm anionic liposome group and one rat of 100-nm cationic liposome group, whose thoracic wall was seriously invaded by the tumor. Grey arrow head surgical cavity, white solid arrow 99m Tc-standard, grey short dashed arrow large intestines, grey solid arrow stomach Tc-liposomes. The gray and color scale bars show the pixel values from 0 to maximum expressed with an arbitrary 100%, for the CT and SPECT images, respectively. The pixel values beyond the color range of the map are shown in white. There was apparent accumulation of radioactivity in the cervical (white solid arrow) and axillary lymph nodes (white dotted arrow) draining from the surgical area. Most radioactivity was retained locally throughout the surgical cavity area For the 99m Tc-400 nm neutral liposome group, the intracavitary radioactivity also decreased relatively rapidly during the first 4 h post-injection with an average retention of 57.7 ± 3.6%, which slowly decreased to 46.2-55.4% at 44 h for three rats. In contrast, for the other two rats in this group, the intracavitary radioactivity continued to decrease to about 5% at 20 h, which remained unchanged at 44 h. Three of 4 rats in 100 nm neutral liposome group had high (C69%ID) intracavitary retention of radioactivity during the 44 h study, whereas one rat displayed a rapid clearance of 71.5% of injected dose within 2 h postinjection. A large blood vessel extending from the residual tumor in cavity to the intercostal tissue was visualized during dissection and could have led to the faster clearance rate.
The clearance of 99m Tc from the injection site was slow for both 99m Tc-400 nm and -100 nm cationic liposomes (Fig. 3) . The injected dose remaining in the cavity over the 44 h study period averaged 71.2 ± 1.4 and 65.0 ±24.7%, respectively.
Systemic organ distribution of 99m Tc-liposomes by planar imaging
Besides the surgical cavity, the systemic organ distribution of 99m Tc-liposomes can also be derived from the planar images (Fig. 1) . Liver was the only major organ recognizable during the entire monitoring period, but still represented a low activity compared with the cavity activity.
For several rats, small areas of high radioactivity denoting lymph nodes surrounding the cavity were evident in the planar images, and displayed more clearly by the micro SPECT/CT. The highest %ID in liver at any time point was 4.5 ± 3.5% from the 400 nm anionic liposome group. Kidney, spleen, and large intestine of some rats could be delineated in the images at some time points. The highest measured values of %ID in the kidneys and the spleen for all rats were 2.7 and 2.8%, respectively. The cleared radioactivity, when significant and observable, was mainly excreted through the intestines.
Radioactivity accumulation in peripheral lymph nodes, including SCLN or ALN, in the drainage route of the surgical cavity were visible in the planar images for three rats administered 100 nm anionic liposomes, and validated by micro SPECT/CT imaging and ex vivo tissue counting. The %ID in these lymph nodes showed the quick accumulation of radioactivity in the first 1-4 h and the subsequent slow change.
Locoregional retention of accumulation of 99m Tc-liposomes in the cavity (Fig. 4) . The locally injected liposomes post-lumpectomy could also be cleared via lymphatic absorption, which was clearly visualized by the DsRed fluorescence localized in SCLN, ALN and lateral thoracic lymph node (LTLN) near the cavity (Fig. 4) . However, the relative intensity of fluorescence among the different lymph nodes varied significantly among different rats.
Biodistribution of 99m Tc-liposomes by gamma counting
The values of %ID and %ID per gram of organ tissue (%ID/g) in the collected biological samples were calculated based on the radioactivity of each sample and the injected 99m Tc-liposomes and depicted in Figs. 5 and 6 , respectively. The majority of radioactivity cleared from the cavity was excreted into feces and urine after 44 h metabolism. The average %ID in feces was highest in 400 nm anionic liposome group (32.0 ± 18.0%) and lowest in 400 nm cationic group (7.1 ± 2.6%). The degree of %ID in feces corresponded with that of cleared radioactivity, which was mainly excreted into large intestine. Average %ID in urine ranged from 5.7-15.5% for the different groups.
The two anionic liposome and 100 nm neutral liposome groups had only a minimal amount of cavity fluid at 44 h post-injection, whereas the cationic liposome groups and 400 nm neutral liposome group generally had significant activity (9.5-46.4%ID) in the cavity fluid. The %ID values of tumor remnant for all the other groups were similar (3.8 ± 1.0-5.5 ± 2.5%), and higher than that of the 400 nm anionic group (1.0 ± 0.1%). For all formulations, the %ID in muscle located immediately under the cavity injected with 100 nm liposomes was higher than for all 400 nm liposome formulations (7.5 ± 6.0% vs. 3.1 ± 2.0%). All 99m Tc-liposomes were attached to the skin above cavity at a significant amount (5.0-22.1%ID).
The highest values of %ID/g were in the samples of surgical cavity area, including skin above cavity, muscle under cavity and tumor remnant (Fig. 6a) . For the %ID/g of tumor remnant (66.9 ± 100.4%/g for all rats), there was no statistical difference among all groups. The %ID/g of muscle under cavity showed an increasing trend with decreasing sizes of the same liposome formulation.
The values of %ID in the peripheral lymph nodes varied considerably among the rats, in a range from nearly undetectable to the highest value of 0.41%ID. The 100 nm anionic liposome group had the highest average %ID in the SCLN and ALN (0.09 ± 0.16 and 0.19 ± 0.17%), and the 100 nm neutral liposome group had the highest average %ID in the LTLN (0.07 ± 0.06%). The number of rats with %ID greater than 0.1%ID was 4, 2, and 1 attributed to the 100 nm anionic, neutral and cationic liposome groups, respectively.
Most of the %ID/g values for lymph nodes, varying from 0.01 to 7.65%ID/g for all rats, were much higher than that of normal muscle (2.2-687 folds), indicating liposome clearance occurred via the lymphatic route. The average %ID/g values of the same lymph node for the 100 nm liposome group were higher than that of the 400 nm liposome group (Fig. 6b) , but lacked statistical significance. The %ID/g values of SCLN and ALN of rats, who had abrupt clearance of radioactivity from the cavity, were relatively smaller than other rats within the same group.
The highest %ID in kidneys was 1.26 ±0.26% for the 400 nm anionic liposome group. The %ID values in the spleen of all rats were no more than 1.36%. The %ID values in the stomach were \1% for all rats except one rat in the 400 nm anionic liposome group (9.0%ID) and one rat in the 100 nm cationic group (3.2%ID) mentioned in Fig. 1h . Only a slight amount of radioactivity (\0.2%ID) was found in heart, lung, brain, bladder, and reproductive organs. Figure 6 shows that the %ID/g values of the major normal organs were at a low level and much lower than the samples from the cavity area.
Discussion
Post-lumpectomy locoregional radiation therapy is generally the standard treatment of early stage breast cancer patients. However, this conventional treatment presents some limitations and the development of alternative modalities is needed. Intracavitary injection of therapeutic drugs can deliver a high drug concentration to the residual positive margin which may improve tumor response and reduce systemic toxicity. However, the feasibility of this superior concept to early stage breast cancer treatment has yet to be proven. Obviously, these investigations can only be realized if an appropriate drug carrier is available to effectively prevent the rapid clearance of drugs from tumor target, and therefore decrease the burden of cleared drug in normal tissue.
The intracavitary administration of 186 Re-liposomes [54] may afford a potential brachytherapy approach for treating residual disease of early stage breast cancer with both lower toxicity and improved local recurrence and systemic metastasis control. Herein, we investigated 99m Tc-labeled fluorescent liposomes as a surrogate for 186 Re-liposomes to better understand the in vivo behavior of the liposomes after post-lumpectomy intracavitary injection in a breast cancer xenograft rat model with positive surgical margin. Non-invasive nuclear imaging and ex vivo tissue counting illustrated the dynamic and quantitative change in the intracavitary retention and systemic distribution of the 99m Tc-liposomes. Lymphatic uptake and lymph node targeting of these fluorescent liposomes were also validated with fluorescent stereomicroscopic imaging. Our study confirmed the high locoregional retention of 99m Tc-liposomes, with 50.7 ± 24.4%ID retained in the surgical cavity area at 44 h post-injection (Fig. 3) . The 100 nm neutral and anionic liposomes had higher local retention than the 400 nm liposomes, which had relatively faster clearance in 4 h. The intracavitary retention of cationic lipsomes was higher than the neutral and anionic liposomes, but the %ID in the cavity fluid was also higher. This phenomenon may be attributed to the binding interaction of cationic liposomes with proteins of the cavity fluid [57, 58] . The lack of statistical significance of intracavitary retention may be related to the limitation of animal number and the minor change in liposome surface zeta potential as the formulation was comprised of only 5% charged lipid. A high percentage of radioactivity dose was associated with the tumor remnant (66.9 ± 100.4%ID/g at 44 h). The radioactivity portion attached to the skin above cavity was significant, yet estimated to only cause a potential problem of skin toxicity in rat models, and not likely to prevent use in human subjects due to the significantly thicker layers of subcutaneous fat and skin in humans.
Radioactive liposomes were also taken up by the peripheral lymph nodes draining the surgical cavity. Particle size, surface characteristics, and in vivo liposome stability are important factors influencing the lymphatic delivery of liposomes and their lymph node targeting [42, 59, 60] . The intra-group variation of %ID in the lymph nodes reflects the individual-specific status of lymphatic and intravascular circulation around the surgical cavity post-lumpectomy. Overall, the 100 nm liposomes had higher lymph node uptake than the 400 nm liposomes. Moreover, the 100 nm anionic 99m Tc-liposomes had the highest lymph node accumulation of all liposome groups tested. The migration of tumor cells to regional lymphatics and lymph nodes is a universal step of tumor metastases and progression [61] . Accompanying the effective locoregional retention, this simultaneous delivery of the radiotherapeutic liposomes from the surgical cavity post-lumpectomy is anticipated to share the same migration pathway as tumor cells that have dissociated from the primary tumor, and thus has potential for enhanced therapeutic effectiveness.
A reason for the abrupt change in clearance observed in several rats may be related to the differing physiological status of the surgical site caused by different primary tumor location and size, tumor physiologic status, surgical extent and subsequent inflammation, and wound healing. Some rats had a leakier surgical cavity attributed to the presence of a more invasive tumor or higher interstitial pressure which led to an enhanced lymphatic or intravascular drainage of the liposomes. The pathway of cleared radioactivity could not be observed in detail due to the intermittent acquisition of planar images; however, the rapid excretion of cleared radioactivity into the large intestines suggests a rapid metabolism of 99m Tc-liposomes by liver and the low systemic toxicity of intracavitary administration of radiotherapeutic liposomes post-lumpectomy.
The method of radionuclide encapsulation of liposomes applied in this study takes advantage of ammonium sulfate/ pH gradient, which has also been commonly used for entrapment of chemotherapeutic drugs. Therefore, this radiolabeling method enables the combination of radiotherapy and chemotherapy using the same particles [54] . Furthermore, this method allows the surface of liposomes to be modified with active tumor targeting molecules, such as anti-angiogenesis antibodies for development of active targeted therapy. In conclusion, the intracavitary administration of 100 nm anionic liposome-carrying radiotherapeutic agents is a potentially convenient alternative modality of post-lumpectomy radiotherapy for early stage breast cancer treatment.
